Introduction
Carrot seed quality depends on the growth stage and the general condition of the plant. The vegetative and flowering periods for carrot plants are usually very long. This leads to the formation of seeds with different levels of quality, leading to difficulties in standard establishment and growth, contributing to excessive use of seeds, which raises production costs. Therefore, fast and accurate procedures for the assessment of seed quality are needed.
Seed vigor can be evaluated by the physiological, biochemical and stress tolerance tests which are commonly used for carrot and other species (Pereira et al., 2008; Chiquito et al., 2012; Kikuti and Marcos Filho, 2013) . Computerized image analysis of seedlings has been used for seed vigor evaluation in several species; these are non-destructive methods and can provide objective information in a short period of time with less human interference (McCormac et al., 1990; Marcos Filho et al., 2006) .
The feasibility of using computerized image analysis was first demonstrated by McCormac et al. (1990) who determined the average length of the primary roots of tomato, lettuce and cauliflower seedlings. Similarly, in researches conducted by Geneve and Kester (2001) on cauliflower, tomato and impatiens seeds, and Tohidloo and Kruse (2009) on radish seeds using seedlings imaging analysis systems, were able to determine correlations between seedling growth and seedling emergence.
In this context, Sako et al. (2001) developed an automated system for assessing the vigor of lettuce seeds called the Seed Vigor Imaging Sistem (SVIS®). The process involves scanning the seedlings and then generating vigor, growth and uniformity indexes. Further studies were conducted using this technique and successfully evaluated seed vigor, for crops such as soybean seeds (Hoffmaster et al., 2003) , corn (Hoffmaster et al., 2005) , melon (Marcos-Filho et al., 2006) , peanut (Marchi et al., 2011) , cucumber (Chiquito et al., 2012) and okra (Kikuti and Marcos Filho, 2013) .
The aim of this study was to verify the possibility of using the computerized system of seedling analysis (SVIS ® ) to detect differences in vigor between lots of carrot seeds when compared to the information provided by traditionally used vigor tests.
Materials and Methods
The study was carried out in Piracicaba, in the state of São Paulo, Brazil (22°46'24" S, 47°36'33" W, 582 m above sea level). The experiment was conducted on carrot seeds (Daucus carota L. 'Brasilia') provided by a seed company, produced and harvested under the same environmental conditions in the region of Bage, in the state of Rio Grande do Sul. During processing, the seed company separated the seeds into 7 lots presenting differences in physical purity and germination (Table 1) . They were examined over 4 evaluation periods, with 3 months separating the 1 st , 2 nd , and 3 rd periods, and 6 months between the 3 rd and 4 th periods. Seeds were packed into polyethylene bags and stored under controlled ambient conditions (30 % U.R. and 10 °C). The seeds were subjected to the following tests.
Seed moisture content
Determined at 105 ± 3 °C for 24 h in duplicate samples of intact seeds as recommended by the Rules for Seed Analysis (MAPA, 2009 
Germination test
Four replications of 50 seeds for each lot were distributed in plastic boxes on filter paper moistened with distilled water at a ratio of 2.5 times the paper's dry mass, and maintained at a constant temperature of 20 °C. Evaluations were made at 7 and 14 days after sowing, according to the criteria established by the Rules for Seed Analysis for this species (MAPA, 2009) . The results were expressed in terms of percent of normal seedlings for each lot.
Germination first count
The counts were performed simultaneously with the germination test and the percent of normal seedlings were evaluated 7 days after sowing.
Germination speed
The germination speed index was determined alongside the standard germination test (MAPA, 2009); evaluations of normal seedlings were performed daily until 14 days after sowing. Only seeds that produced a normal seedling were counted as germinated. The germination speed index was calculated according to the formula proposed by Maguire (1962) .
Accelerated aging
Following the methodology described by Marcos Filho (2006) , a single layer of seeds was distributed on wire mesh attached to plastic boxes (11 × 11 × 3 cm) filled with 40 mL saturated NaCl solution and kept at 41 °C in a chamber. After treatment, 4 replicates of 50 seeds were used to test for germination as described.
Seedling emergence in the greenhouse
Four replicates of 50 seeds per lot were distributed in multi-cell styrofoam trays containing Plantmax HT substrate. The trays were kept in a greenhouse equipped with an intermittent fogging system. The number of normal seedlings was evaluated daily, at the same hour (10h00), between the 1 st and 14 th day after sowing to establish the emergence speed index, which, in addition to the germination speed index, was calculated according to the formula proposed by Maguire (1962) .
Seedling vigor imaging system (SVIS
® ) Four replicates of 50 seeds per lot were processed as follows: two rows of 25 seeds each were distributed in plastic boxes (15 × 23 × 4 cm) on two blue blotter papers moistened with distilled water at a ratio of 2.8 times the paper's dry mass (this ratio was specifically adjusted for this research by previous tests) and inserted in a germination chamber at 20 ± 1 °C at an inclination of 25 degrees in relation to the base of the chamber, in the absence of light, in order that the seedlings grew parallel to the blotter. Seedlings were scanned 6 days after sowing. The images were captured by a scanner operated by Photosmart software with a resolution of 100 dpi. The captured images were analyzed by SVIS ® software. The program generates vigor, growth of seedlings and uniformity of development indexes, as described by Sako et al. (2001) .
The vigor index values (0 to 1000) are based on the speed and uniformity of seedling development in relation to the maximum possible values for 6 day old carrot seedlings. The growth index (0 to 1000) is calculated by the software based on the length of the hypocotylradicle axis. The uniformity index values (0 to 1000) are based on deviations from the standard seedling development set in software.
The experimental design was completely randomized, and the means compared by the Scott-Knott test at 5 % probability. Subsequently Pearson correlation coefficients (r) between the results from the SVIS ® test and the results from the other vigor tests were calculated. The significance of the r values was verified by the t test at 5 % and 1 % probability.
Results
The moisture content of the seeds varied between lots and times of analysis, from 6.1 % to 7.0 % ( Table 2) . This small variation in moisture content is an important fact to be taken into consideration in the evaluation of physiological potential, since variations greater than 1 % between samples may affect the vigor test results (Marcos Filho, 2006; Tekrony, 2003) . Table 2 presents results obtained from traditional vigor tests. The germination test showed differences between lots in all the evaluation periods, wherein lots 1 and 2 showed the highest percentage germination as opposed to lots 6 and 7 showing the lowest. Furthermore, the vigor tests done in the 1 st period indicated lots 1 and 2 as having higher vigor than lots 6 and 7. The other lots were rated as intermediate in physiological quality. This classification could not be verified in the 2 nd period of evaluation, except for the accelerated aging test which classified only the first lot as having the best performance.
In the 3 rd evaluation period, the vigor tests showed that lots 1, 2 and 3 returned a higher performance than the others, and that lots 6 and 7 again showed a lower performance. in the study and their differences in terms of germination (G) and physical purity (P) as informed by the seed company who supplied the seeds for this research. Similarly, analysis of the 4 th period showed lots 1, 2 and 3 as having the highest vigor except for the accelerated aging test which indicated only lots 1 and 2 had the best performance. Moreover, lots 6 and 7 had the lowest level of vigor except for the first count of germination which found only lot 7 with the lowest vigor. The results reinforce the higher vigor of lots 1 and 2 over that of 6 and 7. Thus, lots 1 and 2 stood out from the rest and lots 6 and 7 showed an all-round lower performance. It is notable that although the germination test indicated high levels of physiological potential in the lots, the vigor tests identified lots with significant differences in performance, thereby providing important additional information regarding seed quality (Marcos Filho, 2005) .
Statistical analyses for vigor index, growth and uniformity index generated by SVIS ® in all evaluation periods are summarized in Table 3 . The data show that lots 6 and 7 could be classified as having lower levels of vigor and growth as compared to the others. Lots 1 and 2 ranked among those with higher levels of vigor and growth across all 4 evaluation periods. Statistical analysis of the uniformity index data did not depict any significant results in any of the four evaluation periods. Table 4 presents correlation analysis between the traditionally used tests (Table 2 ) against the results from the imaging analysis test (Table 3 ). The data shows that the vigor tests presented positive correlation coefficients (p < 0.01 and 0.01 ≤ p < 0.05) with the variables' vigor index and growth index and nonsignificant correlation coefficients (p ≥ 0.05) with the variable uniformity index across all 4 evaluation periods. 
Discussion
Seedling image analysis permitted the identification of physiological differences between seed lots in all evaluation periods. However, the vigor index and seedling growth index enabled the separation of lots at 3 levels of vigor, as did the traditional vigor tests, identifying lots 1 and 2 as having the highest performance, lots 6 and 7 with the lowest, and the remaining lots as having intermediate vigor between these levels. Using SVIS ® , similar results were obtained with seeds of other species, which presented an association between lots showing different vigor levels and the traditional vigor tests such as lettuce (Sako et al., 2001) , corn (Otoni and McDonald, 2005) , melon (Marcos Filho et al., 2006) and bean (Gomes Júnior et al., 2014) .
In addition, the data from the correlation analysis (Table 4) shows that the vigor index and the growth index can be successfully used to access carrot seed vigor. Germination, germination velocity index, first count of germination, seedling emergence, emergence velocity index and accelerated ageing with saturated salt solution (EA) presented significant coefficients (p < 0.01 and 0.01 ≤ p < 0.05) with the variables vigor index and the growth index, generated by the SVIS ® software, across all 4 evaluation periods, with few exceptions.
However, uniformity of seedling development did not differ between seed lots for all evaluation periods (Table 3) . Similar behavior was observed by Kikuti and Marcos Filho (2013) and Marcos Filho et al., 2006 studying okra seeds and soybean seeds, respectively. Accord- ing to the authors, this behavior was due to uniform germination of the seeds which is related to the high vigor of the same. The variable uniformity index (Table  4) shows non-significant coefficients with the other vigor tests (p ≥ 0.05) throughout all 4 evaluation periods. This can be attributed to similarity in physiological potential of seed lots assessed in the present research work.
Other authors have successfully verified significant coefficients between computerized image analysis results and those obtained by traditional vigor tests for various species such as melon (Marcos Filho et al., 2006) soybean (Marcos Filho et al., 2006) , peanut (Marchi et al., 2011) and bean (Gomes Júnior et al., 2009 ). However, significant correlation values were not observed for rapeseed (Tohildloo and Kruse, 2009 ) nor sunflower seeds (Caldeira et al., 2014) .
Thus, with the results obtained in this research, it was possible to conclude that data obtained with the SVIS ® software (vigor index and growth index), provided similar results to the recommended vigor tests, providing sensitivity in the evaluation of carrot seed vigor in a shorter period of time and with less human interference.
Conclusions
Computerized image analysis of seedlings using the software SVIS ® was effective in determining the vigor of carrot seeds and has a level of sensitivity comparable to traditional vigor tests.
